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In primate genomes more than 40% of CpG islands are found within
repetitive elements. With more than one million copies in the human
genome, the Alu family of retrotransposons represents the most successful
short interspersed element (SINE) in primates and CpG dinucleotides
make up about 20% of Alu sequences. It is generally thought that CpG
dinucleotides mutate approximately ten times faster than other dinucleo-
tides due to cytosine methylation and the subsequent deamination and
conversion of C/T. However, the disparity of Alu subfamily age
estimations based upon CpG or non-CpG substitution density indicates a
more complex relationship between CpG and non-CpG substitutions
within the Alu elements. Here we report an analysis of the mutation
patterns for 5296 Alu elements comprising 20 subfamilies. Our results
indicate a relatively constant CpG versus non-CpG substitution ratio of w6
for the young (AluY) and intermediate (AluS) Alu subfamilies. However, a
more complex non-linear relationship between CpG and non-CpG
substitutions was observed when old (AluJ) subfamilies were included in
the analysis. These patterns may be the result of the slowdown of the
neutral mutation rate during primate evolution and/or an increase in the
CpG mutation rate as the consequence of increased DNA methylation in
response to a burst of retrotransposition activity w35 million years ago.
q 2004 Elsevier Ltd. All rights reserved.
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Introduction
Deoxycytosine methylation is the most common
epigenetic modification within vertebrate genomes.
It has been implicated in many important functions,
such as regulation of gene expression, control of
development and repressing transposable
elements.1,2 On the other hand, aberrant DNA
methylation patterns and methylation-induced
mutations have also been associated with multiple
diseases, particularly with the development of
cancers.2,3 Deoxycytosine methylation primarily
occurs at the cytosine of a CpG dinucleotide,
generating 5-methyl cytosine (5mC). In different
vertebrate genomes, 60–90% of the CpG dinucleo-
tides contain 5mC.4 The 5mC at CpG sites mutates
unidirectionally to thymine by spontaneous
deamination at a much higher transition rate
compared to non-CpG dinucleotides.5 This leads
to a rapid decay of CpG sites, which is believed to
be the cause of the observed deficiency in CpG
dinucleotides and the corresponding increase in
TpG and CpA dinucleotide frequency in vertebrate
genomes. In the human genome, CpG dinucleotides
are present only at about 20% of their expected
frequency.6
In primate genomes more than 40% of CpG
islands are found within repetitive elements,6 and
they are generally heavily methylated. Alu elements
represent the most successful short interspersed
element (SINE) within primates. With more than 1.1
million copies, Alu elements comprise w10% of the
human genome by mass.6,7 Several properties of
Alu elements provide for a unique opportunity to
examine the CpG mutation history in the genome.
First, the CpG content in Alu elements accounts for
up to 30% of the total 5mC sites in the human
genome.8 Second, based on shared diagnostic
nucleotide sites, Alu elements can be classified
0022-2836/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
Abbreviations used: myr(s), million year(s); SINE, short
interspersed element.
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into specific subfamilies, which have expanded at
different times during primate evolution.9 The CpG
mutation pattern of individual Alu subfamilies can
thus be used as “snapshots” of the CpG mutational
history at different time periods throughout primate
evolution. Third, Alu elements are generally con-
sidered neutral loci that are not subject to selective
pressure once fixed in the genome.7 Finally, unlike
pseudogenes and other genetic markers, the over
1.1 million copies of Alu elements are distributed
widely throughout the genomic landscape. These
elements not only provide a representative cover-
age of a variety of genomic locations, but also allow
us to minimize sampling errors through the use of a
large dataset.
It is generally accepted that CpGmutations inAlu
elements occur about ten times faster than non-CpG
mutations, and traditionally a ten times faster
molecular clock has been applied for CpG
mutations.10,11 However, the age estimations
obtained by CpG mutations or non-CpG mutations
based on this ratio provide results that are
appreciably and systematically different.12–14 This
discrepancy suggests that the tenfold higher sub-
stitution rate may not accurately reflect the relation-
ship between the CpG and non-CpG substitution
density in Alu elements.
Here we report the analysis of 5296 Alu elements
belonging to 20 Alu subfamilies in the human
genome. This dataset allows us to trace the CpG
mutation history back to the beginning of primate
evolution, about 65 million years (myrs) ago.15 This
study is based on the largest dataset gathered to
date for the analysis of 5mCpG mutation patterns
and aims at contributing to a better understanding
of the CpG decay process during primate evolution
as well as providing an updated, more accurate
estimate of the neutral mutation rate disparity
between CpG and non-CpG dinucleotides.
Results
Substitution densities in Alu elements
The CpG and non-CpG substitution densities
were analyzed for 5296 Alu elements from 20
subfamilies based on sequence alignments. The
sample size of each subfamily, observed CpG and
non-CpG substitution densities, and the observed
ratios of CpG/non-CpG substitution density, R, of
different subfamilies are shown in Table 1. For most
of the young AluY subfamilies, the ratio R varies
from 4.80 to 9.27. The single exception is the
AluYa5a2 subfamily (RZ43.77). The AluYa5a2 sub-
family appears to be extremely young (only ten
mutations in the whole subfamily) and has the
smallest sample size (33 elements) among all the
subfamilies examined (Table 1). This suggests that
the high R of AluYa5a2 may be due to sampling
error arising from the limited number of mutations
present in this very young subfamily. This is further
Table 1. Summary of Alu subfamilies examined







Ya5a2a 33 0.58 (1.21) 0.01 (0.07) 43.77
Ya8b 33 1.45 (1.91) 0.16 (0.24) 9.27
Yb9c 53 1.44 (1.90) 0.22 (0.37) 6.54
Ya5d 488 3.16 (4.82) 0.50 (0.77) 6.73
Yc1e 232 1.79 (2.89) 0.29 (0.48) 6.13
Yb8d 290 2.87 (3.66) 0.48 (0.67) 7.37
Yb7f 153 1.43 (1.77) 0.30 (0.43) 4.82
Yd6g 97 1.76 (2.07) 0.37 (0.44) 4.80
Yg6h 156 2.64 (3.01) 0.40 (0.46) 6.55
Yi6h 106 4.93 (4.10) 0.64 (0.96) 7.77
Yd3g 193 12.74 (6.18) 1.89 (0.98) 6.73
Ye5i 139 10.65 (5.00) 1.73 (0.86) 6.17
Ydj 915 17.32 (7.03) 2.24 (1.24) 7.73
Spj 209 29.75 (5.98) 4.25 (1.40) 7.01
Scj 169 30.42 (6.73) 4.57 (1.52) 6.67
Sgj 510 31.21 (6.56) 5.13 (1.75) 6.08
Sqj 340 33.74 (6.30) 5.92 (1.87) 5.71
Sxj 423 35.82 (6.09) 6.61(2.15) 5.42
Jbj 399 41.40 (5.95) 10.64 (2.43) 3.90











j Ref.; this study.
676 Alu Element Mutation Spectra
corroborated by descriptive statistics, which indi-
cate that the AluYa5a2 R value lies well over three
interquartile ranges beyond the third quartile of the
dataset. The AluYa5a2 subfamily was therefore
excluded from the subsequent analyses, yielding
an average R for AluY subfamilies of 6.72. For the
intermediate AluS subfamilies, R ranged from 5.42
to 7.01 with an average of 6.18, similar to AluY
subfamilies. By contrast, the oldest AluJ subfamilies
exhibited substantially lower R values, with an
average of 3.67 (Table 1).
The CpG mutation rate in Alu elements remains
constant for young and intermediate Alu
subfamilies
By excluding AluJ subfamilies, the expected CpG
and non-CpG substitution density of the young
AluY and intermediate AluS subfamilies showed a
good linear correlation (r2Z0.98, p!0.0001)
(Figure 1). This result indicates that during the
time period that gave rise to AluY and AluS
subfamilies nucleotide substitution can be treated
as an approximately linear process, and the slope of
the correlation (5.89) suggests that the CpG and
non-CpG substitution densities exhibited a
relatively constant approximately sixfold
difference. One exception is AluYa8, which
exhibited a CpG to non-CpG substitution density
ratio of 9.27. This deviation of the Alu Ya8 value is
not surprising, however, given that, similar to
AluYa5a2, Alu Ya8 has a small sample number
(NZ33) and contains relatively few mutations for
accurate estimation of relative decay rates.
We next designated the ratio of CpG to non-CpG
mutation rates as alpha (mcg/mncg). There is a subtle
but important distinction to be made between R and
alpha. R is the observed ratio of the substitution
rates while alpha is the ratio of the absolute
mutation rates. In a simple linear model, the
mutation rate is equal to the substitution rate, thus
these two values would be equivalent. However,
once back-substitution of nucleotides and uni-
directional CpG mutation are incorporated, the R
value (dcg/dncg) changes as a function of time while
alpha, the ratio of the actual mutation rates mcg/
mncg, remains constant.
Since R equals alpha under a linear model, we re-
estimated the age of AluY and AluS subfamilies
based on CpG sites using alphaZ6 and compared
the results with both non-CpG-based age estimates
and CpG-based age estimates using alphaZ10
(Table 2). Figure 2 illustrates that for all Alu
subfamilies examined age estimates based on
alphaZ6 are more consistent with non-CpG-based
age estimates than those based on the previously
used alphaZ10, with the exception of Alu Ya8 as
noted above.10–12,14 For example, for AluYa5, one of
the largest AluY subfamilies, the age estimates
based on non-CpG substitution density and CpG
substitution density with alphaZ6 or alphaZ10
were 2.33, 2.63 and 1.58 myrs, respectively. For the
Alu Sg subfamily the estimates were 34.23, 34.68
and 20.81 myrs, respectively. This analysis therefore
suggests that a relatively constant sixfold higher
Table 2. Age estimates of AluY and AluS subfamilies
Alu subfamily Age non-CpG (SD) (myrs)
Age CpG (alphaZ6) (SD)
(myrs)
Age CpG (alphaZ10) (SD)
(myrs)
Ya8 1.07 (1.62) 1.61 (2.12) 0.97 (1.27)
Yc1 1.95 (3.19) 1.99 (3.21) 1.20 (1.93)
Yb9 1.47 (2.47) 1.60 (2.11) 0.96 (1.27)
Yd6 2.45 (2.92) 1.96 (2.30) 1.18 (1.38)
Yg6 2.68 (3.06) 2.94 (3.35) 1.76 (2.01)
Yb7 2.00 (2.87) 1.59 (1.97) 0.95 (1.18)
Yb8 2.33 (2.73) 2.89 (2.93) 1.73 (1.76)
Ya5 2.33 (2.67) 2.63 (2.87) 1.58 (1.72)
Yi6 4.24 (6.41) 5.48 (4.55) 3.29 (2.73)
Yd3 12.61 (6.50) 14.15 (6.86) 8.49 (4.12)
Ye5 11.53 (5.75) 11.83 (5.56) 7.10 (3.33)
Yd 14.96 (8.27) 19.24 (7.82) 11.54 (4.69)
Sp 28.31 (9.35) 33.06 (6.64) 19.83 (3.99)
Sc 30.44 (10.14) 33.80 (7.48) 20.28 (4.49)
Sg 34.23 (11.64) 34.68 (7.29) 20.81 (4.37)
Sq 39.44 (12.44) 37.49 (7.01) 22.49 (4.20)
Sx 44.10 (14.31) 39.80 (6.77) 23.88 (4.06)
Figure 1. CpG substitution densities (dcg) and non-CpG
substitution densities (dncg) of AluY and AluS subfamilies
exhibit a linear correlation. Correlation coefficient (r-
square) value and p value are shown.
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CpG versus non-CpG substitution rate can generally
be used in Alu subfamily age estimation and other
applications for the CpG decay in Alu elements less
than 50 myrs old.
Increased complexity for CpG versus non-CpG
decay in older subfamilies
To further examine the relationship between CpG
and non-CpG mutations, mean CpG substitution
densities were plotted against mean non-CpG
substitution densities for each Alu subfamily
(Figure 3(a) and (b)). To obtain an estimate of the
expected ratio of CpG versus non-CpG decay over
time, the substitution model of Jukes–Cantor16 was
used to determine the substitution density at non-
CpG sites. More modern analytical models (e.g.
K2P) proved difficult to implement due to the
complexity of dissociating CpG and non-CpG
transitions and accounting for the recreation of
CpG sites, these additional factors were therefore
incorporated through computer simulation (see
below). Due to the unidirectional decay of CpG
dinucleotides, the deficit of CpG dinucleotides over
time will result in a non-linear decay of CpG sites.
Thus, for CpG sites the decay kinetics can be
approximated by dcg ¼ 1Ke
ðKmcgtÞ10 in which mcg is
the mutation rate at CpG sites (see Materials and
Methods).
The neutral non-CpG mutation rate of mncgZ
0.0015 substitutions/site per myr17,18 and the CpG
Figure 2. Age estimates for AluY and AluS subfamilies
based on different parameters. The Alu age estimates
based on non-CpG substitution density, and CpG
substitution density with alphaZ6 and alphaZ10.
Figure 3. (a) CpG substitution
density versus non-CpG substi-
tution density in examined Alu
subfamilies as compared to ana-
lytical Jukes–Cantor model. CpG
substitution densities (dcg) are
plotted against non-CpG substi-
tution densities (dncg). Triangles
represent observed Alu subfamily
values and a polynomial trendline
is shown for the observed data.
The broken line represents
expected densities based on non-
CpG and CpG mutation analytical
models over 100 myrs with alpha
values of 5, 7.5 and 10 used for
comparison (see Materials and
Methods). Subfamilies AluJo and
Jb are indicated on the plot.
(b) CpG substitution density versus
non-CpG substitution density in
examined Alu subfamilies as
compared to simulation of Alu
evolution. Triangles represent
observed Alu subfamily values
and a polynomial trendline is
shown for the observed data. The
broken line represents expected
densities based on non-CpG and
CpG mutation computer simu-
lation over 80 myrs with alpha
values of 5, 7.5 and 10 used for
comparison.
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mutation rate calculated as mcgZ(mncg x alpha) were
used to estimate the expected CpG and non-CpG
substitution densities over time using multiple
values of alpha (5, 7.5, 10). Since CpG-based age
estimates of Alu subfamilies in the literature (using
alphaZ10) appear to systematically be lower than
non-CpG-based age estimates,12,13 we used an
alpha value of ten for our upper boundary. When
compared to the expected values, the observed
curve for the majority of Alu subfamilies fits best
when a parameter of alphaZ7.5 is used. However,
the two oldestAluJ subfamilies showed an apparent
decrease in CpG decay that was more pronounced
than what was expected under a constant alpha
model (Figure 3(a)).
In order to incorporate the regeneration of CpG
dinucleotides through back mutation and the
disparity between transition and transversion
rates, a computer simulation was developed
wherein a group of Alu elements was allowed to
evolve neutrally under a K2P model. The simu-
lation allowed for the adjustment of alpha, the ratio
of CpG to non-CpG mutation rates, as well as the
rate of non-CpG mutation. Expected CpG substi-
tution densities versus non-CpG substitution
densities over 80 myrs were simulated with
different alpha values (5, 7.5 and 10) and plotted
on the graph (Figure 3(b)) (see Materials and
Methods for details). The expected curves represent
the average of five independent simulation runs.
Due to the population size of the elements being
simulated, standard deviations were small (on the
order of 10K3) and were not indicated on the graph.
The resulting simulated expectation curves were
similar to that observed in the analytical model.
Although they more closely approximated the
shape of the observed data, discrepancies were
still apparent, indicating further factors are likely
involved in the long term CpG decay process than
were incorporated in either model.
Discussion
Due to the unidirectional decay of CpG dinucleo-
tides, the deficit of CpG dinucleotides over time will
result in a non-linear decay of CpG dinucleotides. In
our survey of over 5000 elements that represent
most known Alu subfamilies, we observed the
decay of R as expected for the majority of
subfamilies. However, we found that the two oldest
Alu subfamilies, AluJo and AluJb, showed a
substantially sharper decline in R when compared
to expectations. This result indicates that our simple
model, which held the actual CpG/non-CpG
mutation ratio (alpha) and neutral mutation rate
to be constant, was not adequate for longer
evolutionary time-scales (O50 myrs).
Multiple factors could plausibly account for the
deviation in the decay observed in older Alu
subfamilies. One factor that would explain a change
of alpha is that the neutral non-CpG mutation rate
did not remain constant during primate evolution.
A molecular clock slowdown during primate
evolution has previously been proposed by
Goodman et al.,19 and additional studies have
provided further support for this hypothesis.20–22
Such a change in the non-CpG mutation rate may
have been the result of an increase in the average
generation time of primates that resulted in fewer
cell divisions and consequently fewer mutations
per calendar year (generation time effect).19 Other
factors, like slower metabolic rates or improved
DNA repair systems could have also contributed to
lowered levels of mutation in the Hominidae
lineage.20 On the other hand, since the rapid CpG
decay is primarily due to DNA methylation, factors
that influence the neutral mutation rate (generation
time, metabolic rate etc.) may not have as much
influence on the CpG mutation rate as on the non-
CpG mutation rate.
To investigate this hypothesis, the simulation was
adjusted to use different non-CpG mutation rates to
account for the possible neutral mutation rate
slowdown during primate evolution. Using differ-
ent neutral mutation rates20 at non-CpG sites and a
constant alpha value (see Materials and Methods),
Figure 4(a) illustrates that the simulation model
can more closely approximate the observed data
points.
On the other hand, there may have also been an
increase in the CpG mutation rate during primate
evolution. It is well established that the majority of
Alu elements were integrated into primate genomes
35–50 myrs ago.7,23 For example, the major AluS
subfamilies account for about 62% of the whole Alu
family and are thought to have expanded through-
out primate genomes during this period.15 A burst
of processed pseudogenes24 and retroviruses25 may
have also occurred during the same time period,
indicating an overall retrotransposon explosion at
that time. Although the reason for the amplification
burst remains unknown, the dramatic increase of
retroelement proliferation must have had a sub-
stantial impact on primate genomes. As a result,
primates likely underwent selective pressure for
developing mechanisms to suppress retro-
transposon expansion. Increased levels of DNA
methylation may have been one such mechanism.
Methylation can control retroelements in multiple
ways,1 such as repressing the transcriptional
activity of LINEs26 and increasing the mutation
rate in CpG-rich retroelements such as Alu elements
resulting in retrotranspositional quiescence.7 One
possible explanation for our data is that the CpG
decay in the Alu family occurred in two major
stages: first, there was a relatively slow CpG decay
rate during early primate evolution. Next, due to
the retroelement explosion 35–50 myrs ago, the rate
of CpG methylation increased to counteract retro-
element proliferation, which resulted in a higher
CpG decay rate. Subsequent to this period, the CpG
decay rate has remained effectively constant and
high. By holding the neutral non-CpG mutation
rate constant at 0.0015 substitutions/site per myr
and altering the alpha parameter from an initial
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value of 10.0 to 7.0 at the 35 myrs retrotransposition
burst period in our simulations, we can obtain
an approximate fit for the observed data
(Figure 4(b)).
Our results indicate that several factors are likely
involved in the observed relationship between CpG
and non-CpG decay in the human lineage. While a
non-CpG mutation rate slowdown is well-
documented, it is unlikely that this change is solely
responsible for the observed decay pattern, as
indicated by Figure 4(a). An additional possibility
is that recruitment of the deoxycytosine methyl-
ation machinery is more efficient in elements that
possess a larger proportion of CpG dinucleotides,
perhaps due to a proximity effect. This would lead
to decreased methylation and thereby decreased
mutation of older, more decayed, Alu inserts
compared to younger, CpG-rich elements, further
exacerbating the non-linearity of the decay process.
The molecular mechanism underlying methylation
is an active area of research, and it is difficult at
present to assess the likelihood and/or extent of
such a proximity-based methylation effect. It is also
important to consider that we are viewing primate
mutational history through the lens of the human
lineage, it will be interesting to see if a similar
mutation pattern can be observed in the genomes of
other non-human primate genomes.
Conclusion
Since Alu elements represent 10% of the human
genome and are heavily methylated, the pattern we
report here may reflect the general CpG decay
pattern in humans. Our results indicate that
multiple processes will need to be accounted for
in order to adequately measure CpG decay over
extended evolutionary periods (O50 myrs). How-
ever, our results lend strong support for an
approximately sixfold difference in CpG versus
non-CpG mutation acting over recent human
evolution.
Figure 4. (a) CpG substitution
density versus non-CpG substi-
tution density in examined Alu
subfamilies with a neutral
mutation rate slowdown model.
Diamonds represent observed sub-
family values and the broken line
represents expected CpG and non-
CpG substitution densities based
on non-CpG mutation slowdown
model. Neutral mutation rate
changes from 0.0035 substitu-
tions/site per myr to 0.00117 sub-
stitutions/site per myrs at
approximately 35 myr. (b) CpG
substitution density versus non-
CpG substitution density in exam-
ined Alu subfamilies with CpG
mutation rate increase model. Dia-
monds represent observed sub-
family values and the broken line
represents expected CpG and non-
CpG substitution densities based
on CpG mutation rate increase
model. CpG/non-CpG mutation
ratio, alpha, changes from 10.0 to
7.0 at approximately 35 myrs.
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Materials and Methods
Data collection and multiple alignments
Alu elements from 12 AluY subfamilies (Ya5, Ya5a2,
Ya8, Yb7, Yb8, Yb9, Yc1, Yd3, Yd6, Ye5, Yg6 and Yi6) were
obtained from previously published data (see Table 1 for
details). AluYd subfamily members and a random subset
of seven AluS and AluJ subfamilies were retrieved from
human genomic sequences from the July 2003 release of
the UC Santa Cruz draft sequence† using Perl scripts and
output from “Repeatmasker”‡ software. Alignments
among members of each subfamily were obtained using
Clustal X.27 The resulting multiple alignments were
subjected to further manual adjustments by removing
insertions and poly(A) tails from all Alu elements.
Elements that contained deletions larger than 50 bp
and/or that could not be faithfully aligned were also
excluded from the analysis. The alignment of each
subfamily is available at our website§ under publications.
Substitutions in individual Alu elements were recorded
based on the consensus sequence of each subfamily9,28
and divided into “CpG” and “non-CpG” substitutions
using a PERL script. For CpG sites, only C to T or G to A
mutations were counted. The CpG substitution density
(dcg) and non-CpG substitution density (dncg) were
obtained by dividing the total number of observed
substitutions by the number of CpG and non-CpG sites,
respectively, based on the consensus sequence of each
subfamily. The ratio of dcg/dncg is denoted as R.
Expected substitution density in Alu elements using
an analytical model of Alu sequence evolution
The substitution model of Jukes–Cantor16 was used to
determine the substitution density at non-CpG sites. The
non-CpG substitution density within Alu elements can be
described as: dncg ¼ 3=4ð1Ke
K4=3mncgtÞ, where mncg is the
neutral mutation rate at non-CpG sites and t is the time in
years of the Alu elements integration (or age of the
elements). For CpG sites the decay kinetics can be
described as dcg ¼ 1Ke
ðKmcgtÞ in which mcg is the mutation
rate at CpG sites.29 Thus, the expected ratio of CpG to
non-CpG dinucleotide substitution density, designated




Expected substitution density in Alu elements using
computational simulations of Alu sequence evolution
One hundred perfect copies of AluY consensus were
initially generated. For each evolutionary time increment
(50,000 years), Alu elements accumulate nucleotide
substitutions at designated mutation rates. For the non-
CpG sites, the mutation process was simulated using a
two-parameter reversible mutation model (K2P)30 with
mutation rate of 0.0015 substitutions/site per myr17,18 and
a 4! ratio of transitions to transversions.31 For the CpG
dinucleotide, the CpG mutation rate was calculated as
mcgZ(mncg x alpha) to simulate the expected CpG
substitution densities over time using multiple values of
alpha (5, 7.5, 10). Once mutated, CpG locations revert to
the non-CpG rate unless they are reconstituted through
back mutations.
For the neutral mutation rate of the slowdown model,
different neutral mutation rates were used during
different windows of evolutionary time.20 In detail,
mncgZ0.0010 substitutions/site per myr from 1 myrs to
35 myrs and mncgZ0.0035 substitutions/site per myr from
36 myrs to 80 myrs. The non-CpG mutation rate was held
constant as 0.00117 substitutions/site per myr, which is
the estimated value for recent human evolution.17 The
expected CpG mutation densities and non-CpG substi-
tution densities were plotted over 80 myrs with one myr
intervals.
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